Introduction
============

Nickel (Ni^2+^) is an important inducer of contact allergy reactions, widely distributed in numerous industrial products, including bimetallic coins, cardiovascular stents and orthopaedic and dental biomedical alloys \[[@b1]\]. Ni^2+^ ions are able to penetrate the skin, although the absolute concentration of Ni^2+^ in epidermis and dermis has not yet been determined *in vivo*\[[@b2]\]. Ni^2+^ hypersensitivity responses primarily manifest as contact dermatitis, a frequent cause of professional incapability, but also have been implicated with in-stent restenosis, a severe complication of patients with cardiovascular disease \[[@b3]\]. Besides eliciting antigen-specific signals in such T-cell-prevailing conditions, Ni^2+^ also induces a non-specific pro-inflammatory signal in endothelial cells (ECs) and keratinocytes, which initiates and propagates the inflammatory response by induction of cytokines and cell-surface molecules required for recruitment of antigen-specific lymphocytes to the exposed tissue \[[@b4]\]. Several signal transduction pathways such as the IKK2/NFκB cascade, hypoxia-inducible factor 1α (HIF-1α) and the p38 mitogen-activated protein kinase (MAPK) pathway \[[@b5]--[@b7]\] coordinate this inflammatory response in ECs, resulting in a characteristic pattern of gene products that guide attraction and interaction with leukocytes or platelets, affect vascular permeability and finally control the course and outcome of inflammatory reactions. Surprisingly, own micro-array studies in EC revealed that Ni^2+^ can also regulate components of the TNF-related apoptosis-inducing ligand (TRAIL) death receptor pathway \[[@b6]\], suggesting that Ni^2+^ might also affect blood vessel integrity and remodelling.

The TRAIL system consists of soluble or cell surface-bound TRAIL protein and four membrane-bound receptors \[[@b8]\]. Only TRAIL receptor 1 (TRAIL-R1) and TRAIL-R2 contain functional intracellular death domains. In contrast, TRAIL-R3 and 4 are incapable of apoptosis induction and either completely lack a cytoplasmic domain (TRAIL-R3) or only contain an incomplete death domain (TRAIL-R4) unable to transduce a death signal \[[@b9], [@b10]\]. The cross-linking of the two apoptosis-inducing TRAIL receptors results in the recruitment of FADD (MORT1) and Procaspase-8 to the death-inducing signalling complex (DISC) \[[@b8]\], resulting in proteolytic cleavage of Caspase-8 and initiation of the apoptotic process *via* activation of downstream effector caspases.

In many primary cells, death receptor-mediated apoptosis is effectively inhibited by high expression of cellular Fas-associated death domain-like interleukin-1-converting enzyme (FLICE) inhibitory protein (c-FLIP), an intracellular homologue of Caspase-8 \[[@b11]\]. c-FLIP isoforms are recruited to the TRAIL DISC and inhibit full cleavage and release of active Caspase-8 and Caspase-10 \[[@b11]\], allowing survival of these cells in the presence of receptor ligation, a finding that has merited great attention since many tumour cells are highly sensitive to TRAIL-mediated apoptosis \[[@b12]\]. However, the insensitivity of primary cells to TRAIL-mediated apoptosis may underlie plasticity under distinct physiological or pathophysiological conditions \[[@b13]\].

In this report, we have studied the impact of Ni^2+^ on TRAIL apoptosis sensitivity in primary ECs in detail. We found that Ni^2+^ strongly sensitizes naturally resistant ECs to TRAIL-induced apoptosis. This sensitization could only partially be explained by TRAIL-R regulation since Ni^2+^ simultaneously up-regulated apoptosis-proficient and -deficient members of the TRAIL-R family. Instead, we demonstrate that transcriptional repression of c-FLIP provides a functionally relevant mechanism by which Ni^2+^ sensitizes ECs for death ligand-mediated apoptosis. Similar results could be obtained with primary keratinocytes, another important type of effector cells in contact eczema. Our data show for the first time that environmental conditions, such as exposure to the contact allergen Ni^2+^, can greatly influence apoptosis resistance to death ligands and implicate continuous c-FLIP transcription as an essential determinant sustaining vascular and epidermal integrity.

Materials and methods
=====================

Cell culture and materials
--------------------------

Human umbilical vein endothelial cells (HUVEC) and human primary keratinocytes (KCs) were generated and cultured as described \[[@b6], [@b14]\]. Cells were exposed to 1.5 mM NiCl~2~.6H~2~O (Merck, Darmstadt, Germany; subsequently referred to as Ni^2+^) or medium as control and subsequently stimulated with Leucine-Zipper-TRAIL (kindly provided by H. Walczak) \[[@b15]\] at 100 ng/ml unless indicated otherwise. The following antibodies and reagents were used: z-Val-Ala-Asp-fluoromethyl ketone (zVAD-fmk; Bachem, Heidelberg, Germany), mouse monoclonal antibodies (Abs) against FLICE/Caspase-8 (C-15) and c-FLIP (NF-6) (generously provided by P. H. Krammer), total Caspase-3 Ab (MF \#393; kindly provided by D. W. Nicholson, Merck Frost, Quebec, Canada) and rabbit polyclonal Ab against cleaved Caspase-3 (Cell Signaling, Danvers, MA, USA), Abs to tubulin and actin (Sigma, St. Louis, MO, USA), monoclonal Abs against FADD (Becton Dickinson (BD), Heidelberg, Germany), Ab against Erk2 (C-14, Santa Cruz Technology, Santa Cruz, CA), monoclonal Abs against Poly-ADP-ribose-polymerase (PARP; clone C2--10; Biomol, Hamburg, Germany). Polyclonal Abs for Western blot detection of TRAIL-R1 (ab8414) and TRAIL-R2 (ab8416) were from Abcam (Cambridge, UK), and rabbit polyclonal Abs to TRAIL-R4 were from Santa Cruz (Santa Cruz, CA, USA; C-20; sc-7550). Brefeldin A was obtained from Applichem GmbH, Darmstadt, Germany. For detection of human interleukin-8 (IL-8) protein in cell supernatants, a commercial ELISA kit from BD Pharmingen (BD OptEIA human IL8 Elisa Set) was used according to the manufacturer's instructions.

Apoptosis and cytotoxicity assays
---------------------------------

Crystal violet staining of surviving attached cells was performed 6 hrs after addition of FLAG-TRAIL in 96-well plates as described \[[@b16]\]. For analysis of apoptosis, cells were harvested 8 hrs after addition of TRAIL, fixed and examined by DNA-profiling employing propidium iodide staining and flow cytometric analysis of subdiploid DNA content. Internucleosomal degradation of genomic DNA was detected using the Cell Death Detection ELISA^PLUS^ assay (Roche Molecular Diagnostics, Mannheim, Germany).

Western blot analysis
---------------------

Total cellular proteins were lysed as described \[[@b6], [@b17]\]. Five to 75 μg of protein were electrophoresed on SDS-PAGE gels and Western blot analysis using the indicated primary and appropriate horseradish peroxidase-conjugated secondary Abs was performed as described \[[@b6], [@b16]\].

Analysis of the death-inducing signalling complex (DISC)
--------------------------------------------------------

For precipitation of the native TRAIL-DISC, HUVEC were washed with RPMI medium and subsequently incubated for the indicated time periods in the presence of 1 μg/ml FLAG-TRAIL (kindly provided by H. Walczak) pre-complexed with 2 μg/ml anti-FLAG M2 Ab (Sigma) for 30 min., or, for non-stimulated controls, in the absence of FLAG-TRAIL as described for other cells \[[@b16]\]. DISC formation was stopped by washing the monolayer with ice-cold PBS. Cells were lysed by addition of lysis buffer (30 mM Tris-HCl pH 7.5 at 21°C, 120 mM NaCl, 10% Glycerol, 1% Triton X-100, Complete® protease inhibitor cocktail \[Roche Molecular Diagnostics\]). After 15 min. of incubation, lysates were centrifuged to pellet cellular debris. DISC complexes were precipitated from the lysates by co-incubation with 20 μl protein G beads (Roche Molecular Diagnostics) for 12 hrs on an end-over-end shaker at 4°C. For precipitation of non-stimulated receptors, 200 ng FLAG-TRAIL and 400 ng mouse-anti-FLAG M2 antibody (Sigma) were added to the lysates prepared from non-stimulated cells to control for protein association with non-stimulated receptor(s). Ligand affinity precipitates were washed before the protein complexes were eluted from the beads by addition of 2× standard reducing sample buffer. Subsequently, proteins were separated by SDS-PAGE on 4--12% NuPage Bis-Tris gradient gels (Invitrogen, Karlsruhe, Germany) and DISC components detected by Western blot analysis.

Retroviral modulation of c-FLIP expression in ECs
-------------------------------------------------

For stable expression of c-FLIP, HUVEC were infected with the retroviral vector PINCO containing FLAME1/c-FLIP~L~ cDNA (kind gift of G. Stassi) as described \[[@b6]\]. For RNA interference studies, HUVEC were infected with retroviral expression vectors encoding either small hairpin (shRNA) against the long and the short isoform of human c-FLIP (pRS-c-FLIP; targeting sequence: GGAGCAGGGACAAGTTACA) or an empty pRS-retrovirus, respectively. To obtain optimal knock-down efficiencies, pRS-derived retroviruses were produced employing a high titre-producing packaging cell line \[[@b18]\]. Seventy-two hours after infection, cells were selected for puromycin resistance (2 μg/ml puromycin, 24 hrs) and incubated overnight in puromycin-free medium before stimulation. Knock-down efficiencies were routinely monitored by Western blot.

Quantitative real-time reverse transcriptase-PCR (qRT-PCR)
----------------------------------------------------------

qRT-PCR was performed using the TaqMan Universal PCR Mastermix (Applied Biosystems, Darmstadt, Germany) and an ABI PRISM 7000 lightcycler (Applied Biosystems). Primers recognizing both c-FLIP~L~ and c-FLIP~S~ or IL-8 were purchased from Applied Biosystems. Gene expression was normalized to the endogenous housekeeping control gene glyceraldehyde phosphate dehydrogenase (GAPDH) and relative expression of c-FLIP and IL-8 was calculated using the comparative threshold cycle (CT) method \[[@b19]\].

Flow cytometric analysis
------------------------

Surface staining of TRAIL-R1-4 using monoclonal Abs against TRAIL-R1-4 that are available from Alexis Corp. (Lansen, Switzerland) \[[@b20], [@b21]\], or control mIgG1 at 10 μg/ml was essentially performed and analysed by flow cytometry as described \[[@b5]\].

Results
=======

Ni^2+^ sensitizes primary ECs to TRAIL-induced apoptosis
--------------------------------------------------------

The resistance of ECs to death ligand-mediated apoptosis is crucial for the maintenance of vascular integrity. We previously analysed the effect of the pro-inflammatory agent and potent contact allergen Ni^2+^ on endothelial gene expression and observed up-regulation of several transcripts involved in death receptor signalling. Most prominently, we found a marked up-regulation of TRAIL-R2 within 5 hrs of Ni^2+^ treatment, suggesting a potential effect of Ni^2+^ on death ligand sensitivity \[[@b6]\]. We thus compared the apoptotic response of untreated HUVEC and overnight Ni^2+^-pretreated cells to increasing concentrations of recombinant TRAIL protein. Figure 1A illustrates that even concentrations of 3000 ng/ml of recombinant TRAIL failed to induce cell death in these cells. In contrast, pre-incubation with the bivalent transition metal Ni^2+^ dramatically sensitized HUVEC to TRAIL-mediated death. After pre-incubation with Ni^2+^ for 16 hrs, TRAIL efficiently induced cell death of HUVEC with an IC~50~ of 5--10 ng/ml ([Fig. 1A](#fig01){ref-type="fig"}). The sensitization to TRAIL was dose-dependent with an effective range between 0.25 mM to 1.5 mM Ni^2+^ (Fig. S1A). Cell death occurred by apoptosis as evident by the presence of cells with subdiploid DNA content in DNA profile analysis ([Fig. 1B](#fig01){ref-type="fig"}) and the appearance of fragmented DNA in internucleosomal DNA fragmentation assays ([Fig. 1C](#fig01){ref-type="fig"}). TRAIL-mediated cell death after Ni^2+^ pre-incubation was strictly caspase-dependent, because the pancaspase inhibitor zVAD-fmk fully protected Ni^2+^-treated cells from TRAIL-induced apoptosis in internucleosomal DNA fragmentation assays ([Fig. 1C](#fig01){ref-type="fig"}) and promoted cell survival as determined by crystal violet staining (data not shown). Taken together, these data demonstrate that Ni^2+^ is capable of sensitizing ECs to TRAIL-mediated apoptosis.

![Ni^2+^ sensitizes HUVEC to TRAIL-induced apoptosis. (A) Cell viability was assessed by crystal violet staining. HUVEC were left untreated or stimulated with Ni^2+^ for 16 hrs. Subsequently, cells were cultured for another 6 hrs in Ni^2+^-free medium containing the indicated TRAIL concentrations. Experimental values were normalized to control values of diluent- or Ni^2+^-treated controls to facilitate direct comparison. (B) Quantification of apoptosis by flow cytometric analysis of hypodiploid DNA content (M1) of propidium iodide-stained cells. HUVEC were pre-stimulated as in (A) and subsequently exposed to 100 ng/ml TRAIL for 8 hrs. (C) Quantification of apoptosis by measuring internucleosomal DNA fragmentation. HUVEC were treated as in (A) and additionally exposed to 10 μM of the pan-caspase inhibitor zVAD-fmk as indicated. Data in (A) and (C) show mean values ± S.D. from one representative experiment out of 2--3 independent experiments performed in triplicate.](jcmm0014-1760-f1){#fig01}

TRAIL receptor cell surface expression does not fully account for the increased TRAIL sensitivity in Ni^2+^-treated HUVEC
-------------------------------------------------------------------------------------------------------------------------

In order to elucidate whether Ni^2+^-mediated sensitization can be accounted for by modification of TRAIL receptor surface expression in HUVEC, we characterized the four membrane-bound TRAIL receptors in HUVEC by flow cytometry. While control HUVEC showed significant TRAIL-R2 and TRAIL-R3 surface expression and low TRAIL-R1 levels, membrane-bound TRAIL-R4 was undetectable ([Fig. 2A](#fig02){ref-type="fig"}). Incubation with Ni^2+^ for 16 hrs led to a minor up-regulation of TRAIL-R1, moderate up-regulation of TRAIL-R2, and a strong induction of TRAIL-R4. In contrast, TRAIL-R3 surface expression was slightly repressed ([Fig. 2A](#fig02){ref-type="fig"}). Very similar findings were obtained using primary human KC, indicative of the broader relevance of our findings (compare [Fig. 7B](#fig07){ref-type="fig"}). In order to investigate if the induction of TRAIL-R is the critical event required for sensitization of EC to TRAIL-mediated apoptosis we performed experiments with Brefeldin A that disturbs the Golgi apparatus required for protein secretion and externalization of receptors \[[@b22]\]. However, pre-incubation of Ni^2+^-treated EC with 2 μg/ml Brefeldin A did not block Ni^2+^-induced sensitization to TRAIL ([Fig. 2C](#fig02){ref-type="fig"}) despite effective interference with Ni^2+^-induced TRAIL-R surface expression (Supplemental [Fig. 2A](#fig02){ref-type="fig"}) and IL-8 secretion (Fig. S2B). Taken together, our data of coincident up-regulation of TRAIL-R1, TRAIL-R2 and TRAIL-R4 together with the data using Brefeldin A did not sufficiently explain the dramatic sensitization of HUVEC to TRAIL following Ni^2+^ exposure and suggested the existence of additional intracellular regulatory mechanisms.

![Ni^2+^ leads to altered TRAIL-receptor expression and rapid Caspase-8 and -3 cleavage upon TRAIL stimulation. (A) Flow cytometric analysis of TRAIL-R1, -R2, -R3 and -R4 cell surface expression of non-stimulated or Ni^2+^-stimulated (16 hrs) HUVEC using specific antibodies to TRAIL-R1-R4 (filled lines). Grey lines indicate staining with the respective isotype-specific control antibodies. One of four independent experiments is shown with the respective background-subtracted median fluorescence intensity (MFI). Additionally, MFI ratios of Ni^2+^-treated samples and its respective controls are shown. (B) HUVEC were left untreated or pre-incubated with Ni^2+^ for 16 hrs and subsequently incubated with TRAIL as indicated. Lysates were analysed for cleavage of Caspase-8 (p43/p41/p18), and Caspase-3 (p20/p17) by Western blot. Membranes were rehybridized with an Ab to tubulin to control for equal protein loading. (C) EC were pre-treated for 16 hrs with Brefeldin A (2 μg/ml) in the presence or absence of Ni^2+^ (1.5 mM) and subsequently treated with TRAIL (100 ng/ml) for 6 hrs. The viability was subsequently determined by crystal violet assay. Statistical significance of the detected effects was evaluated by Student's t-test. Statistically significant changes (*P* \< 0.05) are marked by two, highly significant changes (*P* \< 0.005) by three asterisks. Data are derived from a total of five experiments each performed in triplicate wells.](jcmm0014-1760-f2){#fig02}

![Ni^2+^ sensitizes human primary keratinocytes for TRAIL-induced apoptosis. Human primary keratinocytes were stimulated with 1.5 mM Ni^2+^ for 16 hrs or diluent and either directly processed for flow cytometric assessment of TRAIL-R1-4 surface expression (B), or subsequently exposed to 25 ng/ml TRAIL or diluent alone for 6 hrs (A, C). (A) Apoptosis induction as determined by flow cytometric subdiploidy analysis. Average values of two independent experiments using KCs from two different donors ± S.D. are shown. (B) Cell surface expression of TRAIL-R1-4 as determined by flow cytometry. Isotype controls are shown in grey, expression of the respective TRAIL-Rs is depicted in black. Background-corrected MFI values of the stainings are indicated. (C) Western blots showing Ni^2+^-dependent repression of c-FLIP protein and sensitization of TRAIL-induced apoptosis as evident by induction of Caspase-8, Caspase-3 and PARP cleavage. Tubulin served as a loading control.](jcmm0014-1760-f7){#fig07}

Ni^2+^ promotes TRAIL-mediated Caspase-8 processing in HUVEC
------------------------------------------------------------

We next analysed the expression and TRAIL-induced activation of initiator and effector caspases in HUVEC upon Ni^2+^ exposure. Ni^2+^ did not modify basal expression of initiator Caspase-8 and effector Caspase-3. Neither did we observe prominent processing of Caspase-8 and Caspase-3 in control cells that were stimulated with TRAIL alone for a time period of up to 3 hrs ([Fig. 2B](#fig02){ref-type="fig"}, lanes 1--4). In contrast, pre-incubation of HUVEC with Ni^2+^ resulted in rapid and complete activation of Caspase-8 within 1 hr after TRAIL addition, as indicated by the detection of the p43/41 fragments as well as the fully cleaved p18 fragment of Caspase-8 ([Fig. 2B](#fig02){ref-type="fig"}, lanes 5--8). Moreover, cleavage of Caspase-3 to its active p17 fragments was detected within 1--3 hrs after TRAIL stimulation ([Fig. 2B](#fig02){ref-type="fig"}, lanes 5--8). Thus, our biochemical data suggested that pre-incubation with Ni^2+^ allows for efficient initiator and effector caspase activation following TRAIL stimulation in ECs.

Ni^2+^ affects TRAIL-induced apoptosis *via* down-regulation of c-FLIP
----------------------------------------------------------------------

TRAIL-mediated apoptotic signalling is crucially counteracted by c-FLIP expression in primary cells \[[@b23]\]. Moreover, mouse embryonic fibroblasts from c-FLIP-deficient animals were shown to be highly sensitive to TRAIL-induced apoptosis \[[@b24]\]. We thus explored if Ni^2+^ affected c-FLIP protein expression or processing in ECs. Ni^2+^ dose-dependently repressed cFLIP~L~ protein expression (Fig. S1B). In unstimulated HUVEC, c-FLIP protein was largely expressed in its long isoform, c-FLIP~L~, with barely detectable expression of c-FLIP~S~. In agreement with previous data from primary human keratinocytes \[[@b14]\], addition of TRAIL to unstimulated HUVEC resulted in a time-dependent cleavage of c-FLIP~L~ to p43 but observed no prominent Caspase-8 cleavage ([Fig. 3A](#fig03){ref-type="fig"}) or apoptosis induction (compare [Fig. 1B](#fig01){ref-type="fig"} and C). Interestingly, we detected a 25-kD fragment reactive with the cFLIP antibody in all TRAIL-stimulated cells, which may reflect NF-κB-induced cFLIP~S~ expression as reported \[[@b25], [@b26]\]. Alternatively, this fragment may represent the cleaved prodomain (about 25 kD) of cFLIP~L~, although the fact that we also detect this fragment in Ni^2+^-treated cells in the absence of TRAIL favours induction of cFLIP~S~ by TRAIL or Ni^2+^ ([Fig. 3C](#fig03){ref-type="fig"}). Pre-incubation with Ni^2+^ for 16 hrs led to repression of basal c-FLIP protein ([Fig. 3A](#fig03){ref-type="fig"} and B, compare lanes 1 and 2) but likewise triggered no obvious Caspase-8 activation. However, when TRAIL was added to Ni^2+^-pre-exposed cells a rapid Caspase-8 cleavage to its p43/41 and p18 cleavage products was detected ([Fig. 3B](#fig03){ref-type="fig"}). This Caspase-8 cleavage correlated with a very rapid cleavage of c-FLIP~L~ to p43 within 15--30 min. ([Fig. 3B](#fig03){ref-type="fig"}, lane 3) and subsequent total loss of detectable c-FLIP proteins ([Fig. 3B](#fig03){ref-type="fig"}). We next investigated the dynamics of Ni^2+^-mediated repression of c-FLIP protein. Interestingly, we first observed up-regulation of c-FLIP~S~ at 1--4 hrs after Ni^2+^ stimulation while c-FLIP~L~ protein was unchanged at these early time-points. At later time-points, however, protein expression of both c-FLIP~L~ and c-FLIP~s~ was strongly repressed ([Fig. 3C](#fig03){ref-type="fig"}). c-FLIP levels are regulated at the transcriptional as well as post-transcriptional level \[[@b27]\]. Considering the late kinetics of c-FLIP protein repression we suspected that Ni^2+^ might affect c-FLIP expression at the RNA level. We thus performed qRT-PCR for c-FLIP with primers detecting both c-FLIP~L~ and c-FLIP~S~. Consistent with the protein data, Ni^2+^ regulated c-FLIP mRNA in a biphasic manner ([Fig. 3D](#fig03){ref-type="fig"}). Within 2--4 hrs after Ni^2+^ treatment, mRNA for c-FLIP was induced 3--5 fold ([Fig. 3D](#fig03){ref-type="fig"}). In marked contrast, down-regulation of c-FLIP mRNA was detected at later time-points between 8--16 hrs to roughly 20% of baseline mRNA levels ([Fig. 3D](#fig03){ref-type="fig"}). This late repression was not a general phenomenon of Ni^2+^-induced gene regulation because in the same samples mRNA expression of CXCL-8/IL-8, an established Ni^2+^-regulated gene \[[@b6]\], was still induced ([Fig. 3D](#fig03){ref-type="fig"}). In summary, our data demonstrate that Ni^2+^-dependent modulation of c-FLIP proteins is at least partially regulated at the mRNA level.

![c-FLIP is down-regulated by Ni^2+^ at the mRNA and protein level. (A, B) Untreated HUVEC (A) or HUVEC pre-incubated with Ni^2+^ for 16 hrs (B) were stimulated with 100 ng/ml TRAIL as indicated and analysed for expression and cleavage of c-FLIP and Caspase-8 by Western blot. Membranes were rehybridized with an Ab to Erk2 to control for even protein loading. Lanes 1, 2 and 9 in (A) and (B) contain equal amounts of identical samples to control for similar exposures of the different membranes. (C, D) HUVEC were treated for the indicated times with Ni^2+^ and expression of c-FLIP protein (C) or mRNA (D; left panel) was assayed by Western blotting or qRT-PCR, respectively. For comparison, HUVEC were also treated with TRAIL for 2 hrs (C, lanes 8, 9; D, left panel). Data in (D; left panel) represent mean values of two experiments each performed in triplicates ± S.D. In (D; right panel) additional qRT-PCR analysis of IL-8 mRNA for the indicated times is shown.](jcmm0014-1760-f3){#fig03}

Ectopic c-FLIP~L~ expression can counteract Ni^2+^-dependent sensitization to TRAIL-mediated apoptosis in ECs
-------------------------------------------------------------------------------------------------------------

Our observation that TRAIL stimulation triggers cleavage of c-FLIP while Ni^2+^ simultaneously decreases its mRNA levels suggests that Ni^2+^ might exert its sensitizing effect on TRAIL-induced apoptosis by preventing resynthesis of c-FLIP proteins consumed by death receptor stimulation. To test this hypothesis we expressed c-FLIP~L~ from an ectopic promoter that should no longer be responsive to Ni^2+^. We predicted that ectopic c-FLIP~L~ expression should blunt the sensitizing effect of Ni^2+^ on TRAIL-mediated apoptosis and protect Ni^2+^-stimulated ECs from ligand-induced cell death. Indeed, retroviral expression of c-FLIP~L~ strongly reduced Caspase-8 cleavage ([Fig. 4A](#fig04){ref-type="fig"}) and considerably protected Ni^2+^-exposed cells from TRAIL-mediated apoptosis even at high TRAIL concentrations ([Fig. 4B](#fig04){ref-type="fig"}). At the same time, it had no protective effect on paclitaxel- or doxorubicin-induced apoptosis (Fig. S3), which is largely independent of death receptor-mediated signals \[[@b28]\]. HUVEC were not fully protected from TRAIL-mediated apoptosis, which may possibly be explained by the well-known effect of high levels of cFLIP overexpression that may result in the generation of pro-apoptotic signals \[[@b29], [@b30]\]. Nevertheless, these data indicate that Ni^2+^-dependent depletion of c-FLIP mRNA critically contributes to its sensitizing effect on TRAIL-induced apoptosis in primary ECs.

![Transcriptional repression of c-FLIP expression is a functionally relevant mechanism by which Ni^2+^ sensitizes ECs to TRAIL-induced apoptosis (A, B) Ectopic expression of cFLIP~L~ protects Ni^2+^-exposed HUVEC against TRAIL-mediated apoptosis. HUVEC were infected with the respective retroviruses and pre-treated with Ni^2+^ or diluent for 16 hrs. Subsequently, cells were cultured for 3 (A) or 8 hrs (B) in Ni^2+^-free medium in the presence or absence of TRAIL, respectively. (A) Western blots showing protein expression of c-FLIP and Caspase-8. Molecular weights of full-length proteins and cleavage products are indicated. Asterisks denote unspecific bands consistently obtained with the Caspase-8 antibody. Erk2 served as a loading control. (B) Apoptosis induction as determined by subdiploid DNA analysis. (C, D) Short-term Ni^2+^-stimulation is insufficient to sensitize ECs to TRAIL-induced apoptosis. HUVEC were either pre-incubated with Ni^2+^ and subsequently exposed to 100 ng/ml TRAIL or co-stimulated with Ni^2+^ and TRAIL for 3 (C) or 6 hrs (D). (C) Western blots demonstrate that TRAIL-treated EC maintain c-FLIP protein expression and fail to initiate full Caspase-8 cleavage upon co-treatment of Ni^2+^ and TRAIL. Tubulin staining served as loading control. (D) Crystal violet viability assays showing strongly decreased capacity of a short-term (6 hrs) Ni^2+^ co-treatment to sensitize ECs to TRAIL-mediated apoptosis. Data are derived from three independent experiments each performed in triplicate and are presented as percentage of viable cells ± S.D. related to the respective non-Ni^2+^-stimulated controls that arbitrarily were set to 100%.](jcmm0014-1760-f4){#fig04}

To further confirm this hypothesis, we next compared the effect of Ni^2+^ pre-treatment *versus* Ni^2+^-co-treatment on TRAIL-induced apoptosis. The rationale behind this experiment was the observation that repression of c-FLIP protein and mRNA expression was only observed after 8--16 hrs whereas at earlier time-points c-FLIP mRNA and protein levels were still unaffected or even induced by Ni^2+^ (compare [Fig. 3C](#fig03){ref-type="fig"} and D). Hence, co-treatment of cells with TRAIL and Ni^2+^ for 3--6 hrs should not be capable to sensitize cells to TRAIL-induced apoptosis. Indeed, concomitant stimulation of ECs with both Ni^2+^ and TRAIL for 3 hrs failed to induce Caspase-8 cleavage ([Fig. 4C](#fig04){ref-type="fig"}) and only marginally affected cell viability after 6 hrs of co-treatment ([Fig. 4D](#fig04){ref-type="fig"}). In contrast, pre-treatment of cells with Ni^2+^ strongly induced Caspase-8 cleavage and cell death upon subsequent TRAIL treatment within the same time periods in parallel experiments ([Fig. 4C](#fig04){ref-type="fig"} and D). These assays further support the hypothesis that a transcriptional event is responsible for the sensitizing effect of Ni^2+^ on TRAIL-induced apoptosis.

Depletion of c-FLIP is sufficient to sensitize ECs to TRAIL-mediated apoptosis
------------------------------------------------------------------------------

To analyse whether loss of c-FLIP mRNA is sufficient to sensitize ECs for TRAIL-mediated apoptosis, we next depleted endogenous c-FLIP mRNA by retroviral expression of shRNA. As shown in [Fig. 5A](#fig05){ref-type="fig"}, both isoforms of c-FLIP were efficiently suppressed by the shRNA. TRAIL treatment of empty pRS vector-infected cells did not induce substantial Caspase-8 cleavage, while a prominent cleavage of c-FLIP~L~ to its p43 fragment was detected. In contrast, TRAIL treatment of c-FLIP shRNA-expressing HUVEC led to substantial cleavage of Caspase-8 to its active p18 form ([Fig. 5A](#fig05){ref-type="fig"}). Accordingly, down-regulation of c-FLIP was sufficient to sensitize HUVEC to TRAIL-mediated apoptosis as determined by hypodiploidy analysis ([Fig. 5B](#fig05){ref-type="fig"}). To investigate at which level c-FLIP interferes with TRAIL-induced apoptosis in HUVEC, we next analysed the composition of the TRAIL DISC by ligand affinity precipitation using a Flag-tagged recombinant TRAIL, which has not been studied thus far in ECs ([Fig. 5C](#fig05){ref-type="fig"}). The adaptor molecules FADD and Caspase-8 p55/53 were recruited in the TRAIL DISC of control shRNA-infected ECs. Moreover, we mainly detected the DISC-cleaved p43/41 fragments in the ligand affinity precipitates. c-FLIP~L~ was strongly detectable as p43 fragment in the DISC of control shRNA-infected cells, but not in c-FLIP-depleted cells, while full length c-FLIP~L~ was undetectable in the DISC under both conditions. These findings indicate that c-FLIP~L~ p43 is enriched and retained in the DISC, consistent with findings in other cellular models \[[@b14], [@b31]\]. In contrast, DISC precipitates of c-FLIP-depleted HUVEC (pRS-cFLIP-infected cells) contained larger amounts of unprocessed Procaspase-8 (p55/53) in the DISC, indicating that cleaved Caspase-8 is rapidly released from the receptor complex when c-FLIP is absent. Thus, c-FLIP is an important regulator of sensitivity to TRAIL in primary ECs at the level of the TRAIL DISC.

![Depletion of endogenous c-FLIP by retroviral expression of c-FLIP shRNA sensitizes HUVEC for TRAIL-induced apoptosis. (A--C) HUVEC were infected with the respective constructs and stimulated with 100 ng/ml TRAIL or diluent for 3--8 hrs. (A) Western blot for c-FLIP or Caspase-8 showing TRAIL-dependent cleavage of Caspase-8 upon knock-down of c-FLIP. Molecular weight of full-length proteins and cleavage products are indicated. Cells were lysed 3 hrs after exposure to TRAIL or diluent. The asterisk denotes unspecific bands. Actin served as loading control. (B) Subdiploidy analysis of the differently infected cells harvested 8 hrs after addition of TRAIL or diluent. One representative experiment of three is shown. (C) DISC analysis of TRAIL receptor signalling complexes from the differently infected cells (for details, see Materials and Methods). Cells were cultured for 30 min. in presence of 1 μg/ml Flag-TRAIL pre-complexed with anti-Flag mAb (+) or diluent alone and equal amounts of anti-Flag immunoprecipitates (DISC) were analysed by Western blot. Protein association with non-stimulated receptors was monitored by supplementing lysates from unstimulated cells with anti-Flag-Ab and Flag-TRAIL prior to immunoprecipitation. IgG-hc indicates mouse IgG heavy chain of anti-Flag Ab detected by the respective Abs that is added to the lysates generated from non-stimulated cells as indicated in detail in Materials and Methods. Western blotting with TRAIL-R1, TRAIL-R2 and TRAIL-R4 Abs controls for excessive precipitation of unstimulated receptors as compared to stimulated (+) receptors. Asterisk denotes unspecific bands. Arrows indicate detection of cleavage fragments of the respective proteins.](jcmm0014-1760-f5){#fig05}

Prolonged Ni^2+^-treatment facilitates TRAIL-dependent cleavage of Caspase-8 at the DISC by reducing the available amounts of protective c-FLIP protein. In order to test if TRAIL-mediated loss of c-FLIP protein in Ni^2+^ pre-exposed cells (compare [Fig. 3B](#fig03){ref-type="fig"}) correlates with the disappearance of protective c-FLIP protein from the activated receptor, we finally performed DISC analysis in Ni^2+^-treated ECs using Flag-tagged recombinant TRAIL ([Fig. 6](#fig06){ref-type="fig"}). Since we detected increased surface expression of TRAIL-R1/TRAIL-R2 and TRAIL-R4, we analysed the DISC composition under conditions of (a) Ni^2+^ pre-treatment for 16 hrs followed by TRAIL stimulation for 30 min. ([Fig. 6](#fig06){ref-type="fig"}, lane 6), (b) concomitant Ni^2+^- and TRAIL-treatment for 30 min. ([Fig. 6](#fig06){ref-type="fig"}, lane 5), or (c) treatment with TRAIL for 30 min. alone ([Fig. 6](#fig06){ref-type="fig"}, lane 4). Interestingly, Ni^2+^-pre-treatment resulted in a marked up-regulation of total (lanes 9 and 12) and ligand-bound TRAIL-R1, TRAIL-R2, and TRAIL-R4 (lanes 3 and 6), which was not seen when TRAIL and Ni^2+^ were co-administered (lanes 2 and 5, lanes 8 and 11). Proteolytic cleavage of c-FLIP~L~ to c-FLIP-p43 was evident under all conditions in the TRAIL DISC ([Fig. 6](#fig06){ref-type="fig"}, lanes 4--6), suggesting the presence of functional receptor complexes in all cases. However, compared to both TRAIL-stimulated as well as Ni^2+^-co-stimulated cells, we observed a clearly reduced amount of c-FLIP-p43 in the TRAIL-DISC of Ni^2+^ pre-stimulated cells despite enhanced precipitation of the TRAIL receptors TRAIL-R1, TRAIL-R2, and TRAIL-R4 (compare [Fig. 6](#fig06){ref-type="fig"}, left panel, lane 6). Furthermore, an elevated amount of uncleaved Procaspase-8 was recruited in the TRAIL-DISC of Ni^2+^-pre-treated cells ([Fig. 6](#fig06){ref-type="fig"}, lane 6), while in the other TRAIL-treated samples, only partially cleaved Caspase-8 was detectable, indicative of a c-FLIP~L~-inhibited DISC \[[@b32], [@b33]\]. Remarkably, the pattern of Ni^2+^-pre-stimulated cells closely resembled the TRAIL-DISC following depletion of c-FLIP by shRNA with the exception of TRAIL-R4 that was specifically increased in the DISC of Ni^2+^-treated cells, but not modified by knock-down of cFLIP in the DISC (compare [Fig. 5C](#fig05){ref-type="fig"}). Thus, the enhanced Procapase-8 recruitment most likely reflects an accelerated turnover of Caspase-8 within the DISC and subsequent rapid release of the cleaved fragments from the DISC, similar to results in other cells \[[@b31], [@b33]\]. In line with this conclusion, total cellular lysates demonstrated a strong reduction of total c-FLIP protein and presence of fully cleaved Caspase-8 p18 in TRAIL-treated samples of Ni^2+^-pre-exposed cells ([Fig. 6](#fig06){ref-type="fig"}, lane 12). In contrast, neither fully cleaved Caspase-8 nor loss of total c-FLIP protein was observed in lysates from Ni^2+^-co-treated or solely TRAIL-treated cells ([Fig. 6](#fig06){ref-type="fig"}, lanes 10 and 11). These results suggest that the amount of c-FLIP~L~ cleaved within the TRAIL-DISC was sufficient to prevent the release of active Caspase-8 p18 from the DISC in the absence of Ni^2+^. Collectively, these data imply that prolonged Ni^2+^ exposure strongly decreases the availability of protective c-FLIP protein at the receptor complex thereby critically influencing the outcome of TRAIL-R ligation in primary ECs.

![Prolonged Ni^2+^-treatment triggers TRAIL-dependent activation of Caspase-8 by reduced c-FLIP recruitment to the TRAIL DISC. EC were pre-treated with Ni^2+^ for 16 hrs (lanes 3, 6, 9, 12) or treated with diluent alone. Cells were subsequently cultured in the presence of 2.5 μg/ml Flag-TRAIL pre-complexed with anti-Flag mAb (+) or diluent alone in the absence or presence of Ni^2+^ for 30 min. Subsequently, equal amounts (1 mg of total cellular proteins) were subjected to anti-Flag immunoprecipitation (DISC, lanes 1--6). Total cellular lysates of all conditions were analysed in parallel (total lysate, lanes 7--12). Protein association with non-stimulated receptors was monitored by supplementing equal amounts of lysates from unstimulated cells with Flag-TRAIL that was pre-complexed with anti-Flag mAb prior to immunoprecipitation. IgG-hc indicates mouse IgG heavy chain of anti-Flag mAbs detected by the respective Abs.](jcmm0014-1760-f6){#fig06}

Ni^2+^ facilitates TRAIL-induced apoptosis in human primary keratinocytes
-------------------------------------------------------------------------

To finally investigate whether Ni^2+^ can also sensitize other primary cells for TRAIL-mediated apoptosis, we employed human KCs that represent important effector cells in allergic contact der matitis and have previously been associated with death-receptor mediated apoptosis in Ni^2+^-induced contact eczema \[[@b34]\]. Under basal conditions, KCs are already more prone to TRAIL-induced apoptosis than ECs at high concentrations of the death ligand (\[[@b23]\] and data not shown). However, Ni^2+^ pre-incubation strongly increased apoptosis induction at suboptimal TRAIL concentrations ([Fig. 7A](#fig07){ref-type="fig"}). Consistent with our observation in ECs, examination of TRAIL-R surface expression revealed moderate up-regulation of both the apoptosis-proficient TRAIL-R1 and 2 and induction of the apoptosis-deficient TRAIL-R4 ([Fig. 7B](#fig07){ref-type="fig"}) in response to Ni^2+^. Similarly, Western analysis indicated that Ni^2+^ also decreased c-FLIP protein levels and allowed for efficient cleavage of Caspase-8, Caspase-3, and its downstream effector PARP upon TRAIL treatment. These data suggest that our findings in respect to Ni^2+^ ions are also relevant in other primary cells that are potentially exposed to death ligands.

Discussion
==========

TRAIL has attracted wide interest due to its selective apoptosis-inducing activity for tumour cells, while most primary cells are resistant to its pro-apoptotic action *in vitro* and *in vivo*. However, emerging evidence suggests that a number of primary cells, although resistant under basal conditions, can be sensitized to the pro-apoptotic signals exerted by TRAIL under certain conditions (for review see \[[@b8]\]). Here we describe the bivalent cation Ni^2+^, a widely distributed noxious agent and inducer of contact allergy reactions \[[@b4]\], as novel sensitizer of ECs or KCs to TRAIL-mediated apoptosis, underscoring the plasticity of TRAIL-induced responses. Early studies in various cell systems had suggested that TRAIL resistance and conversely sensitivity for TRAIL-induced apoptosis could simply result from altered expression of the 'decoy' receptors TRAIL-R3 and TRAIL-R4, which lack functional death domains and thus might counteract the apoptosis-inducing capacity of TRAIL \[[@b8]\]. Consistent with other reports \[[@b35]--[@b37]\] we found TRAIL-R1--3 to be moderately expressed on unstimulated ECs while TRAIL-R4 was absent. Interestingly, Ni^2+^ increased surface expression of both TRAIL-R1 and TRAIL-R2, whereas TRAIL-R3 levels remained unchanged and TRAIL-R4 expression was strongly induced in both KCs as well as ECs. Current models suggest a rather complex function of TRAIL-R4 beyond a sole function as decoy receptor: TRAIL-R4 was shown to either corecruit with TRAIL-R2 \[[@b10]\] or may directly bind to TRAIL-R2 in a ligand-independent manner *via* the pre-ligand assembly domain \[[@b38]\]. Despite this complex picture, the overall anti-apoptotic function of TRAIL-R4 remains undisputed to date. Our experiments using Brefeldin A in order to block externalization of newly formed receptors further corroborate our hypothesis that there is a critical role for a loss of cFLIP in the presence of Ni^2+^ to increased sensitivity of ECs to TRAIL-mediated apoptosis. Our data rather argue against the hypothesis that TRAIL-R1/TRAIL-R2 modulation alone is responsible for Ni^2+^-dependent sensitization to TRAIL-induced apoptosis. They are in line with data collected in different tumour cell models, which previously revealed that in tumour cells pharmacological inhibitors such as bortezomib or depsipeptide lead to sensitization to TRAIL-mediated apoptosis also independent of an up-regulation of TRAIL-R2 \[[@b39]--[@b41]\]. Another level of complexity of the TRAIL/TRAIL-R system further corroborated by our data is the detection of TRAIL-R4 in the native TRAIL DISC of Ni^2+^-treated ECs (compare [Fig. 6](#fig06){ref-type="fig"}). However, TRAIL-R4 in the DISC would then not only block caspase-8 processing in and release of active caspase-8 from the DISC \[[@b10]\], but should also lead to increased resistance to TRAIL-mediated apoptosis which is clearly not the case in the presence of Ni^2+^.

Interestingly, neither the alterations in TRAIL receptor expression nor the sensitizing effect of Ni^2+^ can be attributed to Ni^2+^-induced NF-κB stimulation, which accounts for a prominent proportion of Ni^2+^-dependent gene regulation in HUVEC \[[@b6]\], since the expression of a kinase-dead mutant of IKK2 was unable to prevent this up-regulation and failed to rescue TRAIL-induced apoptosis of Ni^2+^-pre-incubated cells (Fig. S4). Furthermore, the prototypic NF-κB activator TNF did not significantly change surface expression of TRAIL-R1-R4 (Fig. S5), although a modest increase in the mean fluorescence intensity of TRAIL-R2 surface expression was detectable. Taken together, these data indicate that Ni^2+^ utilizes NF-κB-independent signalling pathways for TRAIL-R surface regulation. A potential candidate pathway is the p38 MAPK cascade, which has previously been shown to contribute to the Ni^2+^-induced transcriptome in HUVEC \[[@b6]\]. Such a notion would corroborate earlier studies by Guan *et al.*\[[@b42]\] who reported regulation of TRAIL-R1 by AP-1 heterodimers that are known transcriptional mediators of the stress-activated JNK and p38 MAPK pathways. It should be noted, however, that we were unable to prevent TRAIL-dependent Caspase-8 cleavage of Ni^2+^-pretreated ECs by co-incubation with an inhibitor of p38, SB202190 (Fig. S6). Thus, this pathway likewise appears to be irrelevant for the increased susceptibility of Ni^2+^-treated ECs for TRAIL-induced apoptosis.

Apart from altered TRAIL-R expression, modulation of internal regulators of the apoptotic machinery, most notably c-FLIP, represents an equally important mechanism, by which cells can be sensitized for TRAIL-induced apoptosis (reviewed in \[[@b8]\]). It was previously reported that the Forkhead transcription factor FOXO3a may control endothelial viability *via* transcriptional repression of cFLIP \[[@b43]\]. While our initial micro-array experiment revealed that Ni^2+^ could up-regulate FOXO3a expression in HUVEC \[[@b6]\], we failed to revert the sensitizing effect of Ni^2+^ by expression of a dominant-negative FOXO mutant (Fig. S7) for TRAIL-induced apoptosis excluding a role for FOXO3.

Based on our observations that Ni^2+^ incubation decreased c-FLIP mRNA levels ([Fig. 3D](#fig03){ref-type="fig"}) and at the same time triggered a rapid loss of protective c-FLIP proteins upon TRAIL stimulation ([Fig. 3B](#fig03){ref-type="fig"}), we propose the following model for Ni^2+^-induced sensitization for TRAIL-induced apoptosis ([Fig. 8](#fig08){ref-type="fig"}): Pre-incubation with Ni^2+^ results in an overall decrease of c-FLIP protein due to Ni^2+^-mediated repression of c-FLIP mRNA *via* an as yet unidentified mechanism. In the absence of TRAIL-R stimulation this has no consequence for the viability of the respective cells, since the low amount of remaining c-FLIP protein is still sufficient to counteract basal TRAIL-R activity and high levels of Caspase-8 activation in the cell, in particular because the affinity of cFLIP isoforms for the DISC is high as compared to caspase-8 \[[@b14], [@b27]\]. Thus maintenance of cFLIP levels in the absence of Ni^2+^ is critical to protect from excessive caspase-8 activation necessary for cell death induction. Of note, our data depicted in [Fig. 3A](#fig03){ref-type="fig"} clearly indicate that there is sufficient TRAIL DISC-associated caspase-8 activity needed for cFLIP~L~ cleavage in the absence of Ni^2+^. Upon TRAIL-R stimulation, however, c-FLIP is increasingly recruited to the receptor, where it is required to limit the DISC turnover. Thus, further caspase-8 recruitment to, cleavage within, and subsequent release of active Caspase-8 from the DISC is blocked. Normally, a constant supply of resynthesized c-FLIP protein can sustain the anti-apoptotic action of c-FLIP upon further receptor stimulation and compensate the greater demand of protective c-FLIP proteins under these conditions ([Fig. 8A](#fig08){ref-type="fig"}). Due to Ni^2+^-dependent repression of c-FLIP mRNA the resupply of c-FLIP protein is shut off ([Fig. 8B](#fig08){ref-type="fig"}). The available c-FLIP protein at the DISC now becomes rate-limiting and is no longer able to block subsequent release of active caspase-8. This effect may also be intensified by an increased need for c-FLIP at the receptors due to an elevated surface expression of TRAIL-R1 and -R2 as indicated by our studies. As a result, Caspase-8 is increasingly recruited to the DISC and cleaved to its active form that is rapidly released from the DISC into the cytoplasm, thereby exerting its pro-apoptotic function. Of note our proposed model does not necessarily reflect the full complexity of the TRAIL/TRAIL-R system. The failure of c-FLIP overexpression to completely revert the sensitizing effect of Ni^2+^ on TRAIL-induced apoptosis suggests that Ni^2+^ may interfere with the apoptotic machinery at multiple levels and potentially modulate expression of additional regulators of apoptosis, a hypothesis to be investigated in the future. It is currently unclear if and to what extent other regulators of the apoptotic machinery are involved but recent micro-array analysis revealed that Ni^2+^ can also down-regulate other anti-apoptotic genes such as Mcl-1 at the mRNA level \[[@b6]\]. Interestingly, we detect a partial loss of caspase-8 in total cellular lysates in the presence of Ni^2+^ in some of our experiments. One explanation could be a transcriptional or translational repression of caspase-8 in addition to cFLIP, as both genes appear to be similarly regulated at the transcriptional level \[[@b44]\]. However, since loss of caspase-8 would rather favour apoptosis protection, this additional effect does not likely explain the increased sensitivity to TRAIL-mediated cell death in the presence of Ni^2+^ and requires additional investigations in the future. Irrespective of these issues, our data clearly demonstrate that Ni^2+^-dependent down-regulation of c-FLIP constitutes a relevant mechanism by which it can sensitize different primary cells such as ECs for TRAIL-induced apoptosis.

![Model for Ni^2+^-dependent regulation of TRAIL resistance in primary human ECs. (A) In the absence of Ni^2+^, TRAIL stimulation leads to efficient recruitment of FADD, Caspase-8 and c-FLIP to the DISC. c-FLIP~L~ and Caspase-8 are cleaved within the DISC (see arrows), but c-FLIP-p43 prevents further cleavage within and release of Caspase-8 from the DISC. Continuous transcription of c-FLIP proteins maintains blockade of TRAIL death receptors and thus inhibits the DISC turnover over time. (B) In the presence of Ni^2+^, re-supply of c-FLIP protein is shut off due to repression of c-FLIP transcription. TRAIL stimulation under these conditions leads to an increased caspase-8 recruitment to, cleavage of, and release from the TRAIL DISC thus leading to rapid consumption of remnant c-FLIP protein. Once the cellular pool of c-FLIP is consumed by continuous receptor triggering, Caspase-8 is cleaved in large amounts at the DISC and rapidly released in large quantities, thereby inducing cellular apoptosis. Ni^2+^-dependent up-regulation of TRAIL-R1 and 2 may further increase the requirement of protective c-FLIP protein at the DISC.](jcmm0014-1760-f8){#fig08}

The data presented here strongly suggest that the cellular responses to TRAIL are subject to substantial modulation by environmental factors, as exemplified by the bivalent cation Ni^2+^. In particular the susceptibility of primary human ECs and KCs to TRAIL-mediated apoptosis may strongly depend on the micro-environmental conditions that dictate the outcome of ligand-induced death receptor activation by regulation of anti-apoptotic proteins such as c-FLIP. Similar conclusions were previously drawn concerning sensitivity of ECs to CD95-mediated apoptosis \[[@b45], [@b46]\]. Interestingly, in the T-cell prevailing acute phase of nickel-induced contact dermatitis death-receptor-mediated apoptosis of KCs is a well-documented phenomenon \[[@b34]\]. In addition, recent evidence indicates that cFLIP protects the basal cell layer of the interfollicular epidermis from death ligand-mediated cell death and may be responsible for the maintenance of the stem cell pool in the basal layer of the epidermis whenever activated T cells expressing death ligands are invading the epidermis \[[@b47], [@b48]\]. It is tempting to speculate that the apoptosis-sensitizing effect of Ni^2+^ on KCs and ECs contributes to the frequency of contact allergy to Ni^2+^ altogether. A scenario could well be in place that increased apoptosis of KCs may contribute to epidermal spongiosis upon Ni^2+^ exposure. This further facilitates the penetration of Ni^2+^ to the dermis or may activate apoptosis-dependent signals in the skin \[[@b49]\]. Subsequently, pro-inflammatory properties \[[@b6]\] as well as apoptosis-sensitizing effects of Ni^2+^ may recruit additional immune cells to the skin. It will be interesting to analyse whether this scenario holds true for ECs and KCs during acute eczema *in situ*. Considering the close contact of the endothelium with TRAIL-positive cells such as vascular smooth muscle cells \[[@b50]\], NK cells, monocytes, or T-cells which potentially trigger cell death of ECs and KCs we conclude that a high degree of resistance to TRAIL-induced apoptosis is crucial for sustaining vascular and epidermal integrity under physiological conditions. However, conditions such as inflammation, viral infection or tumour formation may also require the capability of primary cells to locally permit receptor-mediated apoptosis to enable the organism to adequately respond to environmental cues. Future *in vivo* studies are mandatory to elucidate this hypothesis in greater detail.
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###### 

**Fig. S1** Ni^2&plus;^ sensitizes human ECs toTRAIL-induced apoptosis in a concentration-dependent manner. (A) Cell viability as assessed by crystal violet staining.HUVEC were pre-treated with the indicatedNi^2&plus;^-doses or medium alone for 16 hrs andsubsequently exposed to the indicated concentrations of TRAIL for 6hrs prior to analysis by crystal violet assay. Experimental valueswere normalized to control values of diluent- orNi^2&plus;^-treated controls to facilitate directcomparison. Error bars represent standard deviations derived fromone representative experiment performed in triplicate wells.(B) Concentration-dependent repression of cFLIP protein byNi^2&plus;^ as determined by Western blot. HUVEC cellswere treated with the indicated Ni^2&plus;^ doses for16 hrs and cFLIP protein expression in total cellular lysates wascompared by immunoblot analysis. Effectiveness of the respectiveNi^2&plus;^ concentration was monitored by measuringprotein levels of the NF-κB target IL8 in the supernatants ofthe Ni^2&plus;^-treated cells as previously described&lsqb;1&rsqb;. Immunoblotting with Abs to Tubulin was usedas loading control.

###### 

**Fig. S2** Brefeldin A (BrefA) treatment blocksNi^2&plus;^-dependent surface expression of TRAIL-Rsin ECs. (A) HUVEC were incubated with either diluent,Ni^2&plus;^ or 2 μg/ml BrefA alone, or thecombination of both compounds for 16 hrs, and surface expression ofthe indicated TRAIL-Rs was analysed by flow cytometry. FACShistograms representing overlays of the individual TRAIL-R-stainedsamples (black, thick line) and their respective IgG1control-stained counterparts (grey, thin line) are shown. Thevalues of MFI in the upper right corner of each FACS histogramrepresent background-corrected MFI values for each individualTRAIL-R staining obtained after MFI subtraction of thecorresponding IgG1-control. Values in the table are calculated asfold MFI in relation to the respective untreated control for eachTRAIL-R. (B) HUVEC cells were either treated with theindicated BrefA concentrations alone, or the combination withNi^2&plus;^ &lsqb;1.5 mM&rsqb; for 16 hrs. The effectiveness of BrefA on the IL-8 release from differentially treated cells was assessed by quantification of IL-8 protein in the supernatants by ELISA.

###### 

**Fig. S3** cFLIP~L~ overexpression does not affectDoxorubicin- or Paclitaxel-induced apoptosis. Primary ECs wereinfected with the indicated retroviruses and subsequently treatedwith 1 μM Paclitaxel (Tax) or 1 μg/ml Doxorubicin (Dox) for30 or 24 hrs, respectively. Subsequently, DNA fragmentation wasassessed by subdiploidy analysis in the FACS.

###### 

**Fig. S4** Expression of dominant-negative IKK2 does notaffect Ni^2&plus;^-dependent TRAIL-R surfaceregulation or TRAIL-induced Caspase-8 cleavage. HUVEC were infectedwith either empty retrovirus, or a retrovirus for dominant-negativeIKK2 (IKK2kd). Ni^2&plus;^-induced modulation ofTRAIL-R surface expression (A) or TRAIL-induced Caspase-8and Caspase-3 cleavage (B) was assessed by flow cytometry,or Western blot analysis, respectively. (A) FACS profilesrepresenting overlays of the differently infected and treated cellsstained with specific antibodies for the indicated TRAIL-Rs (black,thick line) or an unspecific control IgG1-antibody (grey, thinline) are shown. Values in the upper right panel of each FACSprofile represent differential MFI values of the individual TRAIL-Rstainings after background subtraction of the corresponding IgG1control MFI value. For better comparison, additionallybackground-corrected MFI ratios of theNi^2&plus;^-treated *versus* control-treatedsamples are shown as fold MFI. Incubation time withNi^2&plus;^ was 16 hrs in all cases. (B) Afterinfection with the indicated retroviruses, cells were eithermock-treated or pre-treated with Ni^2&plus;^ for 16 hrs. Subsequently, cells were stimulated with either TRAIL or equivalent amounts of diluent for 3 hrs. Expression and cleavage of cFLIP, Caspase-8 and Caspase-3 protein in the lysates of the differently treated cells was then analysed by immunoblot using appropriate antibodies for the indicated proteins. An immunoblot for Tubulin is shown as loading control; immunoblot for IKK2 is included as expression control for the IKK2 mutant. For better visualization both long and short exposures of the Caspase-8 immunoblot are shown; asterisks denote unspecific bands consistently seen with the employed Caspase-8 antibody.
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**Fig. S5** TNF treatment does not change the overall pattern of TRAIL-R surface expression. Human primary ECs were treated with 2 ng/ml TNF for 16 hrs and surface expression of the individual TRAIL-Rs was monitored by flow cytometry. Overlays of FACS profiles from the individual TRAIL-R-stained (black, thick lines) and IgG1-control-stained (grey, thin lines) samples are shown. Background-corrected MFI are plotted in the upper right corner of each FACS profile. For better comparison, MFI ratios of TNF-stimulated and unstimulated control cells for each TRAIL-R are included on the right side.
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**Fig. S6** Inhibition of p38 does not modulate TRAIL-inducedCaspase 8 cleavage in the presence or absence ofNi^2&plus;^. HUVEC were incubated with diluent,Ni^2&plus;^or 10 μM of the p38 inhibitor SB202190alone, or were co-treated with SB202190 andNi^2&plus;^ for 16 hrs. Subsequently, cells were stimulated with TRAIL or medium for 90 min. prior to lysis. Protein expression and cleavage of Caspase-8 and c-FLIP was characterized by Western blot analysis. Even loading was controlled by immunoblot analysis of Tubulin.
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**Fig. S7** Expression of a dominant negative FoxO4 does notaffect Ni^2&plus;^-dependent sensitization toTRAIL-induced apoptosis. HUVEC were infected with a control retrovirus, or a retrovirusencoding HA-tagged dominant-negative FoxO4 (dnFOXO) andsubsequently incubated with Ni^2&plus;^ or diluent for 16 hrs. Cells were further cultured in presence or absence of TRAIL for 6 hrs and cytotoxicity was analysed by crystal violet assay. Error bars denote standard deviations of one representative experiment performed in triplicates. An immunoblot using an antibody for HA demonstrates expression of HA-tagged dnFOXO in the presented experiment (inset).
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